ABSTRACT K+ and Clr contents of guard cells and of ordinary epidermal cells were determined in epidermal samples of Alium cepa L. by electron probe microanalysis; malate contents of the same samples were determined by enzymic oxidation. KCI was, in general, the major osmoticum in guard cells, irrespective of whether stomata had opened on leaves or in epidermal strips floating on solutions. lation ofP-enolpyruvate (14). P-enolpyruvate is very likely derived from starch (4). In guard cells of Viciafaba, the balance between potassium chloride and potassium malate was determined by the availability of C1-(17). Guard cells of V. faba contain chloroplasts filled with starch, but guard cells of Allium species possess only poorly developed chloroplasts (1, 10, 22, 23) which do not contain starch (1, 2, 8, 22, 24) or only traces ofit (11). Guard cells ofAllium species, therefore, appear to lack substrate for the production of the quantities of malate required for osmotic purposes. Possibly, these cells satisfy their anion requirement solely through import of C1-. Indeed, there are indications for a lack of involvement of malate metabolism in the stomatal movement of onion: epidermal strips of V. faba possess phosphorylase activity, those of Allium cepa do not (13, 18, 22) . Aluminum ions inhibit stomatal opening in V. faba and other species containing starch in guard cells (21) Preparation and Incubation of Epidermal Samples. Leaves (about 10 cm long) were cut in the morning before the beginning of the light period and divided into sections (about 2 cm long) which were floated on distilled H20 in the dark. Samples of the lower epidermis were peeled from these sections in room light (from fluorescent tubes) and rubbed on their mesophyll side with a dissecting needle in distilled H20 in order to remove any adhering mesophyll cells. The strips were then rinsed and collected on deionized H20. For the determination of the initial conditions, some samples were immediately extracted for malate analysis or prepared for electron probe microanalysis after measurement of stomatal apertures. Other epidermal samples were transferred to small plastic dishes containing the incubation media. The dishes were placed under inverted crystallization dishes (150-mm diameter, 75-mm height) in the light (85 w/m2). A stream ofhumidified air was passed through the crystallization dishes at 50 liters/h.
Althbough malate appeared not to participate in stomatal ion transfer in onion, epidermad sampes of this species did contain malate. Malate accumulated in the epidermis of leaves put into the light but disappeared from illuminated epldermal strips floating on solutions. In whole leaves, epidermal malate content was positively correlated with stomatal opening, in epidermal strips floating on solutions, the correlation was negative or absent.
Stomatal opening is the osmotic effect of an accumulation of salts of K+, and sometimes Na+, in guard cells; chloride and malate are the most important anions (for review see ref. 15 4 Nelson and Mayo (12) lation ofP-enolpyruvate (14) . P-enolpyruvate is very likely derived from starch (4) . In guard cells of Viciafaba, the balance between potassium chloride and potassium malate was determined by the availability of C1- (17) . Guard cells of V. faba contain chloroplasts filled with starch, but guard cells of Allium species possess only poorly developed chloroplasts (1, 10, 22, 23) which do not contain starch (1, 2, 8, 22, 24) or only traces ofit (11) . Guard cells ofAllium species, therefore, appear to lack substrate for the production of the quantities of malate required for osmotic purposes. Possibly, these cells satisfy their anion requirement solely through import of C1-. Indeed, there are indications for a lack of involvement of malate metabolism in the stomatal movement of onion: epidermal strips of V. faba possess phosphorylase activity, those of Allium cepa do not (13, 18, 22) . Aluminum ions inhibit stomatal opening in V. faba and other species containing starch in guard cells (21) but not in A. cepa (22) . This difference in stomatal sensitivity to Al" has been ascribed to the inhibition of starch breakdown and acceleration of starch synthesis by precipitation of Pi as AIPO4 (21) . Phosphorylase activity of isolated epidermis of V. faba could be stopped by A13+ in vitro (18) . Also, guard cells of Allium species cannot make sufficient malate from sources other than starch (like mucilage; 19). On the other hand, good evidence exists for an involvement of Cl-. Schnabl and Ziegler (22) subjected onion epidermis to histochemical and electron microprobe analyses. Their results led to the suggestion that onion guard cells contain K+ and Cl-in equivalent amounts. We set out to test this contention. We calibrated an electron probe microanalyzer for the simultaneous determination of K and Cl in epidermal cells, including guard cells (9, 17) . After K and Cl contents had been determined in epidermal samples, we measured the malate content of the same material. If the malate content changed with stomatal opening in positive correlation and in osmotically significant amounts, as it did in Commelina communis and V. faba (25, 26) , an osmotic function of malate would be indicated. An absolute requirement of C1-for stomatal functioning in onion would then appear unlikely. We added a further aspect to our investigation. It (16, 17) . The solutions were prepared with double distilled H20. The estimated maximal concentration of Cl-resulting from impurities in the chemicals was 10-6 eq/l. No Cl-could be detected in water in contact with plastic dishes for 24 h (17).
After incubation, the area of the epidermal strips was measured with calipers and the width of the stomatal apertures under a microscope, using a calibrated ocular micrometer. The strips measured from 3 to 5 mm x 6 to 8 mm. Ten stomatal apertures were determined on each strip and each sample consisted on the average of five epidermal strips. The average stomatal density was 120 mm-2. Following these measurements, the epidermal strips were either extracted or prepared for microprobe analysis.
Electron-probe Microanalysis. An Applied Research Laboratories (Sunland, Calf.) model EMX-SM microanalyzer was calibrated at an acceleration voltage of 15 kev with small crystals of KCI, KBr, and K-oxalate of known volumes (9) . The current on the slide was 22 namp. Samples of calibration curves have been given in reference 17. Epidermal strips were prepared for the microprobe by washing in ice-cold 50 mm Ca(NO3)2 followed by 0.1 mm Ca(N03)2 (9). The strips were then placed on aluminum slides, blotted, rapidly frozen in liquid N2 and freeze-dried at For each stoma an equal area of adjoining ordinary epidermal cells was scanned and its emission determined. Background radiation was determined by counting scintillations when the x-ray spectrometers were set off peak. Each epidermal sample consisted of 5 to 8 epidermal strips, and measurements were made on 10 stomata and 10 epidermal areas free of guard cells in each strip.
The results are thus based on at least 50 measurements per (17, 26) . No such correlations appeared in isolated epidermal tissue of A. cepa (Table I ). The malate content of onion epidermis was highest (about 74 pmol/mm2) when samples were taken from the leaves, and it declined during incubation to about 12 pmol/mm2, irrespective of the treatment, whether stomata closed or opened, whether Cl-was present in the solution or not, whether CO2 was present or not, and whether there was light or darkness.
In epidermal strips floating on distilled H20, stomata stayed open over a rriod of 4 h. They closed if the incubation medium contained K in combination with the presumably nonabsorbable anion iminodiacetate.6 Closing could be reduced, prevented, or overcome by addition ofincreasing amounts ofCF-to the medium. Table IV, A) . In all treatments, they contained more C1-than KV. This preponderance of CF-found no correspondence in the guard cells (Table II) .
CF-contents of the ordinary epidermal cells (see
The malate content of the epidermis (including the guard cells) increased during stomatal opening (Table IV 'Difference with initial condition significant at P = 0.025. 9 Difference with initial condition significant at P = 0.005. (Table V) , and KI reduced stomatal aperture. The contents of the strips exposed to KCI and KBr were analyzed and had very similar compositions except that in KBr treatment Cl-and Br-contributed about equally to the anion content of the guard cells. Of the anions gained during incubation virtually all were Br-(lower portion of Table V ). (Tables II, III, and IV) . These changes were positively correlated with stomatal opening when it occurred on leaves (Tables II and IV A) but were negatively correlated when stomata opened in epidermal strips floating on solutions (Tables II, III, and IV) . Apparently the epidermis imported malate (or a malate precursor) from the photosynthesizing mesophyll in the first case and lost malate to the solutions in the second. Loss of malate from the tissue was never complete, supporting the notion that the presence of some malate in the epidermis may be essential for stomatal functioning in onion plants (20) .
SCHNABL AND RASCHKE
In epidermal strips placed on distilled H20, stomata stayed open; they closed if the water contained KIDA (Table I ). Closing could be partially or fully prevented by substituting C1-for IDA in increasing amounts. KC1 IN ONION GUARD CELLS gradient of C1-, allowing stomata to gain C1-and open. In this context early reports on the production of very wide stomatal opening in paradermal sections or epidermal strips of Allium species are of interest: Arends (2) observed apertures "as wide as on leaves kept under optimal conditions" in sections brought into solutions of 0.5 M NaCL and Fujino (6) measured apertures as wide as 11.8 ,um in epidermal strips floating on 0.5 M KC1.
For a summary, we return to the suggestion that the presence of starch in guard cells is a requirement for malate production during import of K+ and that absence of starch introduces a requirement of C1-for stomatal functioning. In Table VI ion contents of guard cells of A. cepa, a species devoid of starch in guard cells, are juxtaposed with those of V. faba, a species possessing starch in guard cells. The data on V. faba are from earlier investigations conducted in this laboratory (9, 18, 26) ; the same methods were used as in the present investigation. To facilitate comparison, changes in ion contents were related to the observed simultaneous changes in stomatal aperture. In both A. cepa and V. faba, the amount of K+ imported into a pair of guard cells per ,um increase in aperture varied by a factor of about 2 (from 52 to 110 feq/,um stoma in A. cepa and from 188 to 433 feq/jm stoma in V. faba). Values obtained from epidermis sampled from illuminated plants roughly agreed with those obtained from isolated epidermis incubated on solutions. However, per ,um increase in stomatal opening, stomata of A. cepa imported less K+ than those of V. faba. A difference between the two species in the elastic modulus of the guard cell walls may have been the cause. Stomata of A. cepa are also smaller than those of V. faba, which may affect the ratio between changes in aperture and changes in guard cell volume.
The relationship between anions and cations in guard cells shows that in A. cepa all K+ can be balanced by C1-. In K2SO4-treated plants another anion in addition to C1-must have been present in guard cells.
In isolated epidermis exposed to Cl1-free solutions (KIDA treatments), stomata of V. faba and A. cepa differed in their behavior. While the starch-free guard cells of A. cepa could not swell and instead lost solutes, stomata of V. faba opened as a consequence of production of malate and accumulation of KV.
Although the malate content of onion epidermis declined during incubation, there was still sufficient malate present that could have been imported by the guard cells for stomatal opening but was not (Table III , upper portion). When malate is required for stomatal opening it apparently has to be produced within guard cells and the presence of starch is essential for it in these cells.
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